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Electronic Structure of Tungsten-Doped β-Ga2O3 Compounds
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Tungsten (W) doped gallium oxide (Ga2O3) (Ga2-2xWxO3, 0.00≤x≤0.30, GWO) polycrystalline ceramic compounds were synthe-
sized via conventional, high-temperature solid-state reaction method. The effect of W-doping on the crystal structure and electronic
structure of the resulting GWO materials is studied in detail. The GWO compounds were single-phase, crystallized in β-Ga2O3
for x≤0.15, at which point the Ga2O3-WO3 composite formation occurs. The average crystallite size increases with increasing W-
content; however, the effect is predominant only in the single phase GWO compounds. Corroborating with structural analyses, the
X-ray photoelectron spectroscopy (XPS) measurements reveal the chemical state of W ions vary in GWO compounds as a function of
W concentration. The mixed chemical valence states of W (W4+ and W6+) were evident in single-phase GWO compounds where the
W-concentration is lower. However, W ions exhibit the highest chemical valence state (W6+) for higher x values, which resulted in the
Ga2O3-WO3 composite formation. The Ga ions exists in their highest chemical valence state (Ga3+) in all of the GWO compounds.
The scientific understanding of the electronic structure of the GWO materials derived as function of W concentration could be useful
while considering the W-doped Ga2O3 materials and/or W-Ga2O3 contacts for electronic and optoelectronic device applications.
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Gallium oxide (Ga2O3), which is currently the most popular among
wide bandgap transparent oxides, is potentially applicable in a broad
range of optical, electronic, optoelectronic applications.1–5 The unique
properties coupled with chemical and thermal stability makes β-
Ga2O3 and related materials fascinating to work with a range of
technological applications, which expand to high power electronic
devices,5,6 solar blind UV-photodetectors,7,8 light emitting diodes,2,9,10

photocatalysts,11 transparent conducting oxides (TCOs),12–14 and
chemical sensors.15–17 β-Ga2O3 is the second largest wide bandgap
material with a bandgap of ∼4.9 eV.18 The predicted breakdown
strength is rather high (8 MV/cm) in β-Ga2O3.19,20 Thus, due to its
large bandgap and high breakdown strength, β-Ga2O3 has the poten-
tial to out preform Si, GaN and SiC in power electronics.

Recently, doping of β-Ga2O3 with rare-earth (RE) or transition
metal (TM) ions has been considered widely in the literature. The at-
tention directed toward using RE-ions was primarily toward improving
the luminescence and electroluminescence properties while TM-ion
doping was particularly to engineer the optical or electrical or opto-
electronic properties. The crystal symmetry of β-Ga2O3 is monoclinic
(space group: C2/m) with cell parameters, a = 12.214, b = 3.0371,
c = 5.7981 Å and β = 103.83°.21 In monoclinic unit cell, Ga occupies
either with the tetrahedrally coordinated oxygens and or with the octa-
hedrally coordinated oxygens.21,22 On the other hand, oxygen assumes
three different lattice sites in distorted cubic close packed arrangement
around Ga sites.21 Thus, manipulation of structure and/or defects by
suitable dopants into β-Ga2O3 provides ability to engineer properties
with application. For instance, Si doping into β-Ga2O3 enables to con-
trol the overall electrical conductivity.23 Substituting Si4+ at Ga site
works effectively as an electron donor resulting in an increased n-type
conductivity in contrast to undoped Ga2O3. The tunable electrical char-
acteristics, namely the carrier density and electrical resistivity, were
demonstrated in Sn doped Ga2O3 single crystals.8 Studies made us-
ing Density Functional Theory calculations on the effect of transition
metal ions into β-Ga2O3 reports that W, Mo and Re act as deep donors,
whereas Nb, with its lower formation energy acts as a shallow donor.24

W and Ti doped β-Ga2O3 polycrystalline thin films exhibited a red-
shift in optical bandgap.7,25–27 The present work was directed toward
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the fundamental, scientific understanding of the electronic structure
of W-doped Ga2O3 (GWO) bulk ceramics. The obvious relevance and
consideration of the GWO system in this work is due to the following
reasons. Shannon ionic radii of W6+ (tetrahedral – 0.040 nm and oc-
tahedral - 0.060 nm) and Ga3+ (tetrahedral – 0.047 nm and octahedral
- 0.062 nm)28 both in tetrahedral and octahedral coordination provide
comparable proximity coupled with resemblance in electronegativity
(Ga-1.82,29 W-2.3630) values. All these factors strongly indicate that
the parent crystal structure can be preserved while tuning the elec-
tronic properties. Furthermore, W metal contacts have been proposed
for Ga2O3 based power electronic devices.31,32 Understanding of the
W-doped Ga2O3 could be useful to predict the surface/interface dif-
fusion and reaction compounds (if any) in such device applications
involving W-Ga2O3 contacts. Also, the GWO bulk ceramic materials
with controlled structure and properties may be useful to employ them
as target materials for high-quality thin film deposition using physi-
cal vapor deposition. Therefore, GWO bulk ceramics were produced
using the simple, versatile high-temperature solid state chemical re-
action method. The crystal structure and electronic properties of the
resulting materials were studied as a function of W concentration and
the results are reported in this paper.

Experimental

Conventional solid-state reaction method was employed to syn-
thesize Ga2-2xWxO3 (GWO) bulk ceramics varying composition in the
range 0≤x≤0.30. High pure metal oxide powder precursors Ga2O3

(99.99%) and WO3 (99.9% purity) were procured from Sigma Aldrich.
Each compound was synthesized form the powder precursors in sto-
ichiometric proportions. The powders in stochiometric proportions
were pulverized in an agate mortar with the help of acetone as a wetting
media. Once homogeneity is attained, the thoroughly missed powders
were calcined at 1050°C for 12 hours and then at 1150°C for another
12 hours) in a muffle furnace. Each step was followed by interme-
diate grinding to assist a complete solid-state reaction. It also assists
in reducing the particle size and gives an enhanced siterability. Post
calcination, binder (Poly vinyl alcohol (PVA)) was added to the pul-
verized powders and circular pellets were made (8 mm diameter; 1
mm thickness) using a uniaxial hydraulic press by applying load of
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1.5 ton. These green pellets were sintered at 1250°C for 6 h with a
ramp rate of 5°C and binder burnout of pellets was carried out at a
holding temperature of 500°C for 30 min.

The GWO bulk ceramics were analyzed with X-ray diffraction
(XRD) to better understand the crystal structure of the system. The
XRD patterns were collected using Rigaku Benchtop powder X-ray
diffractometer (Mini Flex II). Scanning parameters were: 10° – 80°(2θ
range), step size – 0.02° and Scan rate – 0.6˚/min. X-ray photoelectron
spectroscopic (XPS) scan of the GWO ceramics were obtained em-
ploying Kratos Axis Ultra DLD spectrometer using Al Kα monochro-
matic X-ray source (1486.6 eV) and a high-resolution hemispherical
analyzer. The X-ray source power was set at 105 W. Emitted photo-
electrons were collected by the detector aligned normally to the sample
surface. XPS data were obtained from an area of 700 × 300 μm.2 The
survey and high-resolution scans were carried out at a pass energy of
160 and 20 eV respectively. The step size used for the survey scan
was 0.5 eV while for the high-resolution scans step size of 0.1 eV was
considered for obtaining the data. The high-resolution scan at 20 eV
pass energy was calibrated employing a standard Ag sample which
produced a full width half-maxima (FWHM) of 0.59 eV for the Ag
3d5/2 core level. Samples were mounted on the XPS stub using double
sided Cu tape. Charge neutralizer was set at a value of 4.2 eV as these
are insulating ceramic oxide samples. Data were analyzed with the
help of CasaXPS software employing Gaussian/Lorentzian (GL(30))
line shape, line asymmetry and Shirley background correction. Survey
scans were collected over the binding energy (B.E.) range of 1400-(-)
5 eV. High resolution spectra of Ga 2p, O 1s, C 1s, W 4f and Ga 3d
peak regions were obtained with at least 16 number of sweeps for each
of them depending on the clarity of the peaks. Though both the Ga
peaks (i.e. Ga 2p and 3d) were collected for confirmation, but only Ga
2p spectra is depicted in order to avoid the clumsiness coming from the
interference of Ga 3d peak with O 2s peak as both the peaks are very
closely spaced. Before the collection of respective XPS spectra, sam-
ple surfaces were thoroughly cleaned using ultraviolet ozone cleaner
for a duration of 5 min to remove any type of contamination, especially
from hydro-carbons and then the samples were loaded into the XPS
chamber for analysis. The binding energy of carbon (C 1s) peak at
284.8 eV was used as the charge reference for all the high-resolution
spectra. For each sample at least three positions were scanned for
both survey and high-resolution spectra to check the uniformity of the
compounds and for maintaining the statistical index.

Results and Discussion

The XRD pattern of GWO ceramic compounds are shown in
Fig. 1. The peaks were indexed to β-Ga2O3.21 It is evident from the
XRD patterns that the W-doped Ga-oxide samples also crystallize
in single-phase β-Ga2O3 for a W concentration of x = 0.15. How-
ever, at x>0.15, WO3 secondary phase formation occurs resulting in
a Ga2O3-WO3 composite. Asterisks in Fig. 1 indicate the diffraction
peaks due to WO3. It is important to recognize that, based on the XRD
patterns, the β-Ga2O3 is dominant phase in the Ga2O3-WO3 com-
posite. The amount of secondary phase of WO3 is limited to 2–9%,
the highest (9%) is noted only in the samples for x = 0.30. How-
ever, this result is due to the final sintering in the two-step calcination
process, which indicate that the secondary phase formation is quite
high in the first step of calcination, adopted as reported and discussed
elsewhere.33 Furthermore, detailed assessment and analyses of (400),
(110) and (111) peaks indicate a minor but positive shift with increas-
ing W concentration to x = 0.15. This is, perhaps, due to smaller
ionic radius of W6+, as compared to Ga3+, leading to the unit cell vol-
ume reduction upon W ion incorporation in β-Ga2O3. It may be noted
that the magnitude of peak shift is non-uniform for different Bragg
Planes. Thus, the XRD peaks and characteristic peak shift indicate
the formation of GWO solid solution for x≤0.10. We believe that the
stark difference in the formation enthalpies33 of WO3

24 and Ga2O3
24

must be a factor which limits the W-solubility at Ga site to less than
10 at%. Note that W melts at 3422°C while WO3 melts correspond-
ingly at 1473°C.33,34 Reports have assessed the incongruent nature of
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Figure 1. XRD patterns of GWO compounds. Evident from the XRD patterns,
the W-doped Ga-oxide samples crystallize in single-phase β-Ga2O3 for a W
concentration of x = 0.15. At x>0.15, WO3 secondary phase formation occurs
resulting in Ga2O3-WO3 composite as indicated by the presence of the addition
peaks.

WO2 melting at 1530°C to a two-phase field of W-W18O49.35 A num-
ber of W oxides can be observed for WO2 and WO3 (e.g., W18O49

and WnO3n-2) with corresponding liquidus and eutectic temperatures
in the range of 1430°C and 1600°C However, for our case, the series
of WnO3n-2 phases can be avoided so as to simply focus on the effect
of WO3. In a Ga-W-O ternary system, liquid Ga will be confined in
a three-phase field of Ga2O3-W-liquid. In a Ga-W-O ternary system
and phase equilibria, liquid Ga occurs in a small region on the lower
right side of the Ga-W-O system and bounded by a three-phase field
of Ga2O3-W-liquid. The two-phase field of Ga2O3-WO3 on the calcu-
lated ternary phase diagram does not show a liquid region. Therefore,
under the GWO ceramic processing temperature of 1250°C, which is
well below or far from these melting temperatures of various com-
ponents discussed, we believe that the W incorporation into β-Ga2O3

is facilitated by the substitution of W-ions at the Ga-ions while the
formation of vacancies may be the driving factor for the mass trans-
port. Under such circumstances, the β-Ga2O3 can adopt only certain
amount of dopant concentration while the dopant oxide phase evolves
as a secondary phase leading to the composite or mixed oxide forma-
tion at higher concentrations. These thermodynamic considerations
can, therefore, account for the observed single-phase β-Ga2O3 with
W solubility as well as mixed oxide of Ga2O3-WO3 composite as a
function of variable W concentration.

In order to understand the effect of W-content on the crystal growth,
the average crystallite size of the GWO compounds is determined
using Debye Scherrer relation:

D = 0.9λ

β cos θ
[1]

where, D – Crystallite size, λ (CuKα) - 1.5406 Å, β - Full width at half
maximum, θ – diffraction angle. The variation of the average crys-
tallite size with W-concentration in GWO compounds is presented in
Fig. 2. It is evident that the crystallite size increases with W incorpora-
tion. However, the size increase is considerably higher in the samples
that corresponds to single phase GWO compounds i.e., with complete
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Figure 2. Variation of the average crystallite size with W-concentration in
GWO compounds.

solubility of W ions. For intrinsic Ga2O3, the crystallite size estimated
is ∼40 nm, which increases to ∼50 nm for W-doped Ga2O3 samples
with x = 0.05. Further increase in W concentration up to x = 0.15
resulted in a slight increase in the crystallite size. However, further in-
crease in W-concentration beyond x = 0.15 didn’t induce appreciable
change; in fact, the GWO samples with higher W-content reveal an
average crystallite size of ∼50 nm within the experimental error.

Being a surface sensitive characterization technique X-ray pho-
toelectron spectroscopy (XPS) is employed to understand the surface
chemistry of the as prepared GWO sintered compounds and the chem-
ical valence state(s) of the constituent elements. The XPS survey spec-
tra of GWO ceramics are presented in Fig. 3. It is evident from the
spectra that Ga, W and O are the constituent elements. The presence of
C 1s peak in the spectra is due to fortuitous carbon which occurs due
to exposure air after synthesis and just before the samples are places
in the XPS system. Therefore, the spectra were calibrated to the C 1s
peak at a binding energy (BE) of 284.8 eV.
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Figure 3. XPS survey spectra of GWO compounds.
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Figure 4. Ga 2p core level XPS spectra of GWO compounds.

The XPS core level spectra of Ga 2p region are presented in Fig. 4.
It is evident that the Ga 2p region (Fig. 4) comprises of Ga 2p doublet
i.e., the Ga 2p3/2 and Ga 2p1/2 peaks, which are located about at BEs
of 1117.5 and 1144.2 eV, respectively. The Ga 2p3/2 component is
located at a BE of 1116.7 eV for Ga metal.36 Thus, compared to the
Ga metallic state, the observed Ga 2p3/2 peak shows a positive BE shift
indicating that the Ga ions exist in their higher valence state. The BE
positive shift in the BE of Ga 2p3/2 peak is due to the redistribution
of the electronic charge, because Ga chemical state is stabilized as
Ga2O3 in the GWO compounds. No changes in BE location and/or
peak shape were observed for the Ga 2p region as a function of variable
W-concentration in the GWO compounds. Thus, the observed more
or less same BE and peak shape without any appreciable change in
the Ga 2p core-level XPS data, which are consistent with the reported
values in the literature for Ga2O3, validates the claim that Ga ions exist
in the highest valence states (i.e., Ga3+) in all the GWO compounds.

A detailed core-level spectra of W 4f for GWO sintered compounds
are shown in Fig. 5. A well-resolved doublet corresponding to W 4f5/2

at BE ∼ 37.5 eV and W 4f7/2 at BE ∼ 35.4 eV can be observed in
Fig. 5. The W 4f7/2 peak at 35.4 eV corroborates with the literature
(35.4 eV) and also characterizes the W6+ state in WO3. However, it
is noted that W 4f doublet exhibits slight peak broadening for GWO
samples with lower W concertation. This observation indicates that a
few W ions exhibit lower valence state. The deconvoluted W 4f core-
level XPS spectra and peak fitting indicate a mixture of W4+ and W6+

valence states for lower W-concentration. However, this is predomi-
nant only in GWO samples with x = 0.05 although the presence of
these components exists up to x = 0.15. With further increase in x
values, the core-level W 4f spectra indicate that the component corre-
sponding to lower valence state of W ions disappears fully. However,
the x = 0.30 GWO compound shows a shift of 0.30 eV for the W 4f
peak which can be due to the multiple intermediate steps involved in
the sample fabrication method such as palletization, proper control of
the furnace atmosphere and maintaining stoichiometry etc. The XPS
data of W fully corroborates with the observations made from XRD.
The W incorporation into β-Ga2O3 is facilitated by the substitution
of W-ions at the Ga-ions. However, due to charge imbalance, some
of the W-ions may exists at lower valence state although such lower
valence state of W is not reflected in XRD due to the fact that it is
minor. In fact, formation of W ions with different chemical valence
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Figure 5. W 4f core level XPS spectra of GWO compounds.

may assist the mass transportation and sintering of the GWO ceramics.
Therefore, as observed in XRD, the β-Ga2O3 can adopt only certain
amount of W-concentration while the fully stabilized W-oxide phase
evolves as a secondary phase leading to the composite or mixed oxide
formation at higher concentrations. This is evident in the XPS data,
where the lower valence state disappears when Ga2O3-WO3 composite
formation occurs at higher W concentration.

The O 1s peak (Fig. 6) at BE of 530.5 eV, is the characteristic
feature of Ga-O bonds in Ga2O3.37–39 It must be noted that the O 1s
peak is asymmetrical for the GWO compounds. Three components
representing different chemical states are evident from the O 1s peak
fitting. The most intense peak, centered at B.E. of 530.5 eV is the

536 534 532 530 528 526 524

Ga2O3/WOx

Ga2O3

X= 0.30

X= 0.25

X= 0.20

X= 0.15

X= 0.10

X= 0.05

B.E. (eV)

X= 0.00

C
PS

 (a
.u

.)

O 1s

Figure 6. O 1s core-level spectra of GWO compounds.

characteristic peak of oxygen bonded to either Ga or W within the
GWO compound. The higher BE components (i.e. 531.9 and 533 eV)
can be attributed to the surface oxygen bonded to carbon in the form
of either carbonyl (oxygen bonded to carbon) or hydroxyl (oxygen
bonded to hydrogen) groups, which were adsorbed on the sample sur-
face as impurities during sample transfer from the fabrication chamber
and/or furnace atmosphere to the XPS load lock, appear as a shoulder
contribution with minor intensities.7,37

Conclusions

Ga2-2xWxO3, 0.00≤x≤0.30, polycrystalline ceramic compounds
were synthesized by the standard high-temperature solid-state chemi-
cal reaction method. The effect of W-doping is found to significant on
the crystal structure and electronic structure of the resulting GWO ma-
terials. For W-content x≤0.15, single-phase GWO compounds crystal-
lize in parent β-Ga2O3 while Ga2O3-WO3 composite formation occurs
at higher x values. The crystallite size increases from ∼40 to ∼50 nm
with increasing W-content although most the crystallite size increase
occurs in the single phase GWO compounds. Tungsten exhibits the
mixed chemical valence states, W4+ and W6+, in single-phase GWO
compounds for lower x values while the fully oxidized or highest chem-
ical valence state (W6+) occurs for higher x values that correspond to
the formation of Ga2O3-WO3 mixed oxide. Gallium exists in their
highest chemical valence state, Ga3+, in all of the GWO compounds
i.e., irrespective of W-doping. The fundamental understanding of the
crystal structure and electronic structure modification of the GWO
materials as function of W concentration could be useful while con-
sidering the W-doped Ga2O3 materials and/or W-Ga2O3 contacts for
electronic and optoelectronic device applications.
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